Interfaces between exfoliated topological insulator Bi2Se3 and several transition metals deposited by sputtering were studied by XPS, SIMS, UPS and contact I-V measurements.
Integration of topological insulators (TI) [1, 2, 3] with transition metals (TM), either by doping the TI with TM ions [4, 5, 6] or interfacing the TI surface with a TM film [7, 8, 9, 10] is interesting from the point of view of both the new science involved and potential applications. Doping combined with band structure engineering can lead to intrinsic ferromagnetism in the TI mediated by topological states which can exhibit quantum anomalous Hall effect [11] at low temperatures, in excellent agreement with the theoretical prediction. [12] Interfacing of a TI with a ferromagnetic film has been proposed for device structures based on spin valve or spin transfer torque effects, employing the spin locking to orbital momentum in topological surface states. Observation of the spin-orbit torque in TI-TM bilayers [7, 8] opens a route to new spin transfer torque random access memory (STT-RAM) designs with the in-plane switching current.
In order to utilize topological states of the TI in spintronic designs, one needs to achieve dominant conduction via these states. Typically as-prepared pure Bi2Se3 is n-doped due to native defects such as Se vacancies, with the Fermi energy in the bulk conduction band. 13 The crossing point of the Dirac cone for topological states is in the gap of the bulk band structure, as shown in Fig. 4 (c). One can achieve conduction primarily via surface states by appropriate doping or by electrical biasing, that is by tuning the position of the Fermi level to the bulk gap.
However one important question which needs to be addressed is what happens to bulk states of the TI near the TM/TI interface, as well as to topological surface states at this interface. This question is not trivial as topological surface states are defined for an interface with vacuum or another dielectric. Recent publications show that topological surface states are tolerant to TM on the surface at least for relatively small coverage range (from 0.01 to 0.5 monolayer). [14, 15, 16, 17] Another question is the occupation of electronic states of the TI which can be altered near metal contact. In a simplified consideration, the electron affinity of Bi2Se3 is about 4.45 eV [18] and the work functions of transition metals are close to 5 eV, [19] hence one can expect upwards band bending in the TI near the interface. Taking into account that the bandgap is just 0.3 eV, the effect of band bending can be relatively strong with EF moving from the conduction band to the bandgap or even to the valence band as EF' or EF'' in Fig. 4 (d) . Understanding this effect is practically important for the device design and material engineering. Shifts in the Fermi energy due to surface doping have been observed in Refs. [14, 15] Downwards band bending was also observed in angle resolved photoelectron (ARPES) experiments on Bi2Se3 surfaces exposed to residual gas. [20] However, notice that for spintronic devices under consideration, [7, 8, 9, 10] band bending at the interface with continuous and bulk, though thin (~nm), TM films are more important than the effect of individual dopant atoms. This problem has been less studied so far.
We investigated interfaces between Bi2Se3 and thin films of several TMs, including Co, Fe, Ni and Cr, directly by surface science techniques: x-ray photoelectron spectroscopy (XPS), secondary ion mass spectrometry (SIMS), and ultraviolet photoemission spectroscopy (UPS).
The film deposition was done ex-situ by sputtering, which is the most typical industrial method for magnetic films. A combination of XPS and SIMS results shows that the interface is free from oxygen even when the metal film is as thin as 1 nm and without a protective capping layer, but some redox reactions may be observed. The most interesting result is the observation by UPS that while the Fermi level is located in the bulk conduction band on a freshly cleaved Bi2Se3 surface, it moves to the bandgap and valence band (sometimes rather deep under the bandgap top) when the TI is in contact with TM. This creates a depletion or inversion layer and results in a rectifying or highly resistive interface.
Bulk single crystalline Bi2Se3 was grown by the Bridgeman method. [21] These crystal platelets were cleaved and exfoliated using a sticky tape. These platelets were at least a few microns thick so the material could be considered bulk. After exfoliation these samples were placed in the sputtering chamber for metal deposition. We prepared three sets of samples with each metal:
in the first set we deposited just 1 nm of TM on the fresh surface; in the second set the thickness of TM layer was 2 nm, capped with 3.5 nm of Pt. In the third set samples similar to those in the second set were additionally annealed at 300 C for 2 hours. For reference, we characterized a freshly cleaved surface and a sample oxidized in air for about a week. Here we show experimental results only for samples of set 1 and those reference samples. XPS and UPS measurements were performed on a Kratos Axis Ultra tool, and SIMS experiments on a IONTOF TOF-SIMS V spectrometer. This agrees with the prior observation on Bi2Se3 surface with Fe adatoms. [15] Oxidation of the TM itself is observed too in these uncapped samples as they are exposed to air after sputtering.
does not increase the level of oxidation substantially, and a 3.5 nm Pt capping layer well protects the metals from oxidation.
The XPS probing depth (a few nm) is too large to resolve the layers at a 1-nm or less scale. In order to investigate the quality of these interfaces, we employed SIMS for depth profiling.
These results are presented in Fig. 3 (a-d) for samples coated with 1 nm of Co, Cr, Fe and Ni.
Though bismuth oxide is present in the SIMS results, it is interesting that it appears on the surface of TM rather than at the TI/TM interface. The interface is free from oxides even without Pt capping. The presence of Bismuth on the TM surface is most likely due to the secondary sputtering of Bi in the process of TM deposition. We conclude that the TM/TI interface is clean and mostly free from oxidation.
Most interesting results are obtained in UPS experiments where one can observe the effect of TM on the filling of valence states in the TI. Fig. 4 (a) shows the UPS spectra for Bi2Se3 (both freshly cleaved and oxidized in air for 1 week), and Bi2Se3 samples coated with 1 nm thick layers of several TMs. We are primarily interested in the spectrum at small binding energies (zoomed-in in Fig. 4 (b) ). We associate the double peak measured on a fresh TI surface as due to electrons emitted from the valence and conduction bands of the TI (the freshly cleaved TI surface is assumed to be n-type). For illustration, schematic diagrams in Figs. 
(c) and (d)
show the expected band structure and density of states at a Bi2Se3 surface/interface, consistent with our results, where the bulk band gap is about 0,3 eV and the Dirac cone, describing surface states, has a crossing in the bulk band gap. [3] For a clean fresh surface, the Fermi energy is expected to lie in the conduction band, hence a double peak appears in the UPS spectrum in Fig. 4(b) . (Notice that unlike ARPES [5, 14, 15, 20] , UPS does not have resolution required to resolve the surface state peaks). This double-peak feature disappears in the spectrum for oxidized surface. For TM-TI interfaces, the general trend is that the Fermi level is shifting down as shown in Fig. 4(d) , resulting in a considerable reduction of the UPS intensity and a shift to higher electron energies in Fig. 4(b) . Specifically, with Cr coating the Fermi energy apparently lies within the bandgap or close to the top of the valence band (EF'), and for other TMs it is deeper in the valence band (EF') so this UPS double peak is practically invisible for Co, Ni, Fe coated samples in Fig 4(b) . Additionally, we performed a measurement on a Co coated sample after a deep in-situ sputtering with Ar to remove the TM coating completely; this sample is referred to as "sputtered Bi2Se3" in Fig. 4 a,b) . The peak was restored on the sputtered surface as seen Fig. 4 (b) , however the double-peak structure could not be resolved, probably due to surface disorder arising from Ar bombardment. This effect of shift and disappearance of the double-peak feature in the UPS spectrum of TM-coated samples can be interpreted as band bending in Bi2Se3 at the interface, which extends into Bi2Se3 much deeper than the probing depth of UPS, as expected at metal-semiconductor interfaces. It may lead either to depletion or inversion in n-doped Bi2Se3.
In both the depletion and inversion cases at TI-TM interfaces, one can expect that the interface should have non-Ohmic properties. We checked it by measuring I-V curves on TM/TI contacts.
As patterning of a small metal contact on a flake was problematic, we chose to measure I-V curves on point contacts made on a freshly cleaved TI by a sharp tip coated with the TM of interest, specifically we used tungsten tips coated with Cr, Co, and Ni. Non-Ohmic behavior could be seen for all three coatings (Fig. 5) . However, while the Cr-TI rectifying contacts were relatively easy to observe and behaved as Schottky barriers ( Fig. 5(b) ), in the cases of Co and
Ni usually the initial contact was insulating, and required an electric breakdown before conduction could be measured. 
